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論文内容要約 
The semiconductor electronics have great contribution to our life and are necessary in the information processing, machine 
controlling, and energy conversion. Their evolutions are induced by development of manufacturing technologies. In particular, 
the planarization technology for wide materials is necessary in the manufacturing process of the electronics devices. The 
development of the planarization technology enables more valuable products and services. The performance of integrated circuit 
(IC) in computers and mobile devices are improved by the miniaturization of the transistor elements. The transistor elements are 
fabricated on the silicon wafer, in which their number and size are over a billion and nanometer-scale, respectively. The planarity 
of the silicon wafer is the most important factor for the fabrication of the transistor elements and an atomic-level planarization is 
required. For the planarization, the chemical mechanical polishing (CMP) technique is promising and has been widely applied. 
The CMP uses a slurry that consists of the chemical solution and fine abrasive grain. In the CMP process, the work substrate is 
polished by the combination process including chemical reactions and mechanical polishing. Over the past decades, the CMP 
processes of the silicon wafers and copper interconnect in IC chip have been studied by various experiments and optimized 
empirically. However, the mechanisms of CMP process is difficult to be elucidated by the experiments because the polishing 
process is proceed in atomic-scale and affected by the chemical reaction at the friction interface. Thus, the CMP mechanisms 
have not been fully understood. Recently, the wide bandgap materials such as gallium nitride and diamond are promising for 
semiconductor application and their planarization is widely studied. However, there is little knowledge for the efficient CMP of 
the wide-bandgap material. Moreover, the removal rates in the empirically optimized CMP process are extremely low because 
the wide-bandgap materials have a high hardness and chemical inertness. Therefore, the theoretical design for the efficient CMP 
is strongly required. For the theoretical design of CMP, the understanding of the CMP mechanisms is necessary. In particular, the 
effect of the chemical reactions on the mechanical polishing and the effect of the mechanical friction on the chemical reactions are 
fundamental and their understanding is necessary. For the elucidation of atomic removal process and chemical reactions in the 
CMP process, computational simulations are useful. Classical molecular dynamics simulations are performed for the investigation 
of atomic removal dynamics including the deformation, phase transformation, and thermal effects. First-principles calculations are 
employed for the investigation of chemical reactions by the energy diagrams and electron density analysis. However, these 
methods focus only on mechanical dynamics part or static chemical reactions. To reveal the CMP process including both chemical 
reactions and mechanical polishing, the development of the CMP simulator that can calculate both dynamic and chemical 
reactions is required. In this study, new CMP simulations are developed and employed for the elucidation of CMP mechanism. 
Moreover, the theoretical design of the CMP process is performed based on the understanding of the CMP mechanisms.  
Chapter 1: General Introduction  
  Backgrounds of the study are described. Outlines of the semiconductor wafers and the polishing techniques of them are 
shown. The utility of CMP process, its problems, and the experimental studies are introduced. In addition, the simulation 
studies of CMP processes are shown. Objectives of the study are described as the development of the CMP simulator and 
the design of optimal CMP processes based on understanding of the CMP mechanisms.  
Chapter 2: Computational Methods and Development of CMP Simulator 
 In Chapter 2, simulation methods are described. The functions for reproducing CMP process are implemented in tight-binding 
quantum chemical molecular dynamics theory. The developed CMP simulator can model the mechanical polishing process with 
chemical reactions at the three-phase interface among work substrate, abrasive grain, and chemical solution. The CMP process 
with surface modification are successfully reproduced by the modeling of continuous chemical reactions at the friction interface. 
Chapter 3: Silicon CMP Mechanism by SiO2 Abrasive Grain and Effect of OH- Ion 
  In Chapter 3, for investigating the atomic removal dynamics with chemical reactions at the friction interface and the effects of 
active species in chemical solution, the CMP simulations of Si substrate by SiO2 abrasive grain in aqueous NaOH solution are 
performed. The two atomic removal processes of the Si substrate are reveled. (1) Chemical desorption process: OH- ions in the 
solution are adsorbed on the Si substrate, the adsorption of OH- ions induces dissociation of Si-Si back-bonds, the Si atom is 
desorbed as Si(OH)4 molecule by the dissociation of Si-Si bonds. (2) Chemically assisted mechanical polishing: Si-OH groups 
on the Si substrate are generated by the adsorption of OH- ions, the Si-OH groups on the Si substrate react with the SiO2 abrasive 
grain, the Si-O-Si bridge bond is generated at the friction interface, the abrasive grain mechanically abstracts the Si atom with 
dissociation of the Si-Si back-bonds, which is chemically weakened by the adsorption of OH- ions. These results contribute to 
the fundamental understanding of the CMP mechanisms including both chemical reactions and mechanical polishing. 
Chapter 4: Atomistic Mechanisms of Copper CMP in Aqueous H2O2 
  In Chapter 4, for investigating the mechanically induced chemical reaction at the friction interface and its effect on the atomic 
removal process, CMP simulations of a Cu substrate by a SiO2 abrasive grain in aqueous H2O2 solution are performed. From the 
CMP simulations modeling the three-phase interface among the abrasive grain, the substrate and the aqueous chemical solution, 
atomic CMP dynamics including chemical reactions and mechanical polishing are revealed. At the friction interface, the 
oxidation process of the Cu substrate with the H2O2 molecules is mechanically induced by the load from the abrasive grain. In 
addition, the oxidation of the Cu substrate induces atomically raised Cu structure on the substrate, which strongly interacts with 
the abrasive grain and triggers the atomic removal of the Cu substrate. Experimentally, it is difficult to observe the mechanically 
induced chemical reactions at the friction interface and the atomistic polishing mechanisms containing chemical reactions. These 
mechanically induced chemical reactions and atomic removal containing chemical reactions are fundamental to the CMP 
process and affect the removal rate, defect formation, and surface planarity. Therefore, the CMP simulator helps in designing the 
compositions of slurry and optimizing experimental conditions for efficient and precise CMP processes. 
Chapter 5: Origin of Efficient Diamond CMP Assisted by Continuous Chemical Reactions with OH Radicals 
  In Chapter 5, for obtaining the knowledge for the efficient CMP process of the hard-to-process material, CMP simulations of 
diamond substrate affected by the continuous chemical reactions are performed by the newly developed CMP simulator. The 
continuous chemical reaction by the OH radicals is modeled and its effect on the hard diamond CMP process by a soft SiO2 
abrasive grain are revealed. The diamond CMP assisted by OH radicals proceeds by two mechanisms. (1) Molecule-by-molecule 
removal mechanism: the diamond substrate is oxidized by continuous chemical reactions with the OH radicals, the C-O-C bonds 
in diamond substrate increase, the C atoms binding with the O atoms are lifted up on the diamond substrate, the lifted C atoms 
are desorbed from the diamond substrate at the friction interface with generation of CO2 and H2CO3 molecules. (2) Mechanical 
polishing assisted by graphitization: the oxidation of the diamond substrate and mechanical shearing from the SiO2 abrasive 
grain induce the conversion of Csp3 to Csp2 carbons and the generation of the graphite-like structure on the diamond substrate, 
the graphite-like structure is mechanically weaker than the diamond substrate and enables the mechanical polishing of the 
diamond substrate by the soft SiO2 abrasive grain. The understanding of the CMP mechanisms of hard-to-process materials 
provides the important knowledge for designing the active species, abrasive grain, and the CMP systems to achieve efficient and 
precise CMP process. 
Chapter 6: Theoretical Design for Efficient Gallium Nitride CMP Based on Elucidation of CMP Mechanisms 
  In Chapter 6, for theoretical design of efficient GaN CMP process, the material design of the active species and abrasive grain 
and the proposal of system are performed based on the elucidation of the CMP mechanisms. First, for designing the efficient 
active species, the effects of chemical reactions on the GaN substrate are investigated by comparing the CMP simulations in 
aqueous NaOH and H2O2 solutions. In the aqueous H2O2 solution, it is suggested that the adsorption of OH radical weakens the 
Ga-N back-bond in GaN substrate, compared with the result in the aqueous NaOH solution. Thus, it is proposed that the OH 
radical is promising active species for the efficient GaN CMP. Second, for proposal of efficient CMP systems, the effect of the 
continuous chemical reactions of the OH radicals on the CMP process are investigated by comparing the CMP simulations with 
different numbers of OH radicals. GaN CMP simulations are performed with 0, 1, and 2 mono-layer (ML) of OH radicals, in 
which different processes are revealed. In CMP simulation without OH radicals, the SiO2 abrasive grain is difficult to polish the 
GaN substrate because the abrasive grain binds with GaN substrate and deformed at the friction interface. In CMP simulation 
with 1 ML of OH radicals, the GaN substrate is terminated by the OH groups by the chemical reaction with the OH radicals. 
Then, the SiO2 abrasive grain is smoothly slides on the OH-terminated GaN substrate by the repulsive interaction between the 
OH groups on GaN substrate and the abrasive grain, no chemical reactions and atomic removal processes are observed at the 
friction interface. In CMP simulation with 2 ML of OH radicals, the oxidation of the GaN substrate and atomic removal process 
induced by the oxidation are observed at the friction interface. In the oxidation process of GaN substrate by OH radicals, the 
surface-adsorbed O atom is generated on the GaN substrate and it is inserted into the GaN substrate. The O atom intrusion into 
the GaN substrate induces the dissociation of the Ga-N bonds. The dangling bonds on the N atoms generated by the dissociation 
of Ga-N bonds causes the generation of N-N bonds in the substrate, which are desorbed from the substrate as N2 molecules. 
From the differences of the CMP processes with different number of OH radicals, N atom removal can be induced by increasing 
the number of reacting OH radicals. It is proposed that the systems inducing the OH radical generation at the friction interface 
are effective for the removal of the N atoms in the GaN substrate. From the CMP simulation with OH radicals, the Ga atom is 
removed by the abrasive grain with generation the bridge bond between the abrasive grain and the GaN substrate. For designing 
the effective material for the abrasive grain, the density functional theory calculations are performed in the abstraction process of 
Ga atom from the GaN substrate with different abrasive grain materials. From the comparison of reaction energies in the Ga 
atom abstraction process by SiO2 and nano-diamond (ND) abrasive grains, the SiO2 abrasive grain is unlikely to abstract the Ga 
atom because the abstraction process is endothermal process. In contrast, the Ga atom abstraction by the ND abrasive grain 
exothermally proceed and it is suggested that the ND is promising abrasive grain material for the efficient Ga atom removal. 
Chapter 7: Summary and Conclusions   
  The results and discussions are summarized. The original CMP simulator shows the breakthrough in the investigation of 
the CMP mechanisms and the design of the CMP processes.  
  Thus, the development of the CMP simulator and the theoretical design of CMP processes are successfully performed. 
These achievements are meaningful for expanding the application of simulation technology to manufacturing process and 
assisting development of a new manufacturing process based on the elucidation of the CMP mechanisms. 
 
